The self-assembly of gold nanoparticles (Au NPs) using polymer-encapsulated inverse micelles was studied using a set of advanced X-ray techniques (i.e. XAFS, SAXS) in addition to DLS, UV-vis spectroscopy and TEM.
Introduction
Metal nanoparticles (NPs) can be used in a variety of applications ranging from catalysis to sensors, antibacterials and drug delivery. [1] [2] [3] [4] In order to prepare a metal nanoparticle, various methods have been developed. 5, 6 Synthesis methods can be divided into top-down methods (NPs are removed from 'bulk' material) and bottom-up (atoms assemble NPs). 5, 6 Whereas top-down approaches, such as e-beam lithography 7 or thermal evaporation, 8 allow NP production with regular physical attributes (e.g. size and shape). It is generally not viable for large scale applications, for example, to manufacture heterogeneous catalysts, due to the time required to produce the material, expensive instrumentation and the fact that it only allows for the formation of 1D and 2D supported NP arrays 9 and therefore is mainly suitable to fabricate model systems. The bottom-up approach, more commonly reported as a method to prepare NPs, involves the reduction of metal ions in solution and a subsequent agglomeration. 5, [10] [11] [12] [13] Bottom-up methods include templating, 5 chemical, 10 electrochemical 11 and sonochemical 12 reduction, with a common occurrence in these types of synthesis being the presence of a capping agent, often a surfactant, in order to restrict the NPs growth to the desired size and shape. The main disadvantage of these bottom-up approaches is that they rarely produce homogeneous NPs, often resulting in a broad particle size distribution and the average particle size may vary from batch to batch. This uncertainty in the NP size makes it difficult to truly understand the impact of NPs size on their properties e.g. catalytic activity 14, 15 or for other applications such as colorimetric sensing. 3 Despite these drawbacks, bottom-up methods are used for industrial applications, such as production of the fixed bed heterogeneous catalysts, mainly for being relatively fast and straightforward and resulting in lower cost compared to top-down methods. Therefore, improving the synthesis methods in order to produce NPs with a particle size distribution as narrow as possible is paramount for the improvement in the understanding of NP properties.
The fabrication of monodisperse NPs using bottom-up approaches, however, is not trivial and is hampered by the lack of detailed knowledge of all the steps in the self-assembly process. 5 Various studies have been performed in order to understand the evolution of colloidal solution from the metal ions to NPs in different systems, such as Au, 10 Fe 2 O 3 , 16 Ag, 17 and several NPs' growth modes including Ostwald ripening, fusion, coalescence, condensation and coagulation, and combinations of these modes, thoroughly described in a review article from Thanh et al. 18 Despite similarities in the fabrication mechanisms, the NP growth shows some dependence on the synthesis method. 10, 19 Perhaps the best known self-assembly study concerns the work of Polte et al. who studied the mechanism of Au NPs formation in the commonly used citrate method and showed that the combination of Small-angle X-ray Scattering (SAXS) and X-ray Absorption Near Edge Structure (XANES) analysis is able to reveal insight into the growth of metal nanoparticles during synthesis. 10 The authors concluded that NP growth goes through four different phases:
-fast initial formation of small gold nuclei comprising a few atoms;
-coalescence of these nuclei into a nanoparticle; -slow growth of the nanoparticle sustained by an ongoing reduction of the precursor;
-fast reduction ending with the complete consumption of the precursor species.
The second step (coalescence of the nuclei) has been identified as a key step influencing the polydispersity of the nanoparticles. 10 However it is challenging to control multiple factors such as reagents mixing and pH of the citrate solution acting as reducing agent and stabiliser. On the other hand, a study from Sakai et al. shows that in the case of a block copolymer (poly(ethylene oxide)poly(propylene oxide)-poly(ethylene oxide), also known as PEO-PPO-PEO) the NPs can be grown in a single step, due to the presence of the polymer acting both as a stabilizer as well as a reductant. 19 Here the presumed mechanism of gold NPs formation is proposed as below:
-reduction of the metal ions facilitated by the polymer to form clusters (i.e. structures containing a small number of atoms); -adsorption of the polymer onto the cluster surface and a (further) reduction of [AuCl 4 ] À ions adsorbed on the surface of the clusters;
-growth of the NP through a repeat of step 2 until stabilisation.
In this process the polymer plays an important role in determining the particle size resulting from the synthesis. This is due to the dual attribute of the polymer as reductant and stabilizer, which varies the reaction activity of [AuCl 4 ] À based on the polymer molecular weight. 19 By comparing the citrate 10 and copolymer-assisted 19 methods one can conclude that the reduction of metal ions into a cluster and the coalescence of the clusters are two common steps during metal NP synthesis. However, there are also key differences in the mechanism for gold NP growth, the reasons for which could be attributable to the different stabilizer (citrate in one case and block copolymer in the other) that could alter the pathway of the reduction process. Ideally, a detailed investigation is required to determine the suggested mechanism for Au NP synthesis using the PEO-PPO-PEO based method, however considering it is a ''single pot'' synthesis procedure it could be extremely challenging to unravel the many chemical processes that lead to the formation of the Au NPs. 19 Among the bottom-up methods, polymer-encapsulated inverse micelle synthesis, introduced by Spatz et al., can be used to prepare, in a relatively quick and reproducible way, uniform monodisperse metal NPs which can be conveniently loaded onto a variety of supports, e.g. refractive oxide powders. [20] [21] [22] This advanced synthesis method mimics water-in-oil systems by employing precursor-filled micelles formed by PS-b-P2VP diblock-copolymer with low polydispersity index (PDI) in organic solvent, that allows for full encapsulation of all metal ions and inhibits the formation of sub-species. 22 Another advantage of this approach includes self-assembly into regular arrays with controlled inter-particle distance which, when deposited on a flat substrate, can improve the properties of the final material e.g. minimises the interactions between NPs and prevents sintering during heat treatment. 22, 23 The size of the deposited NPs and their density (e.g. inter-particle distance) can be conveniently controlled by altering the length of shell-(PS) or core-forming (P2VP) copolymer blocks. 23 Despite the multiple reports where the polymer-based method has been shown to produce well-defined metal NPs with suitably small particle size distributions, 20, [22] [23] [24] [25] to the best of our knowledge no detailed studies have been performed to understand the mechanism of metal NP formation. As such important questions remain regarding the time required to complete the self-assembly and reduction processes, and the step-by-step pathway to self-assemble metal ions into Au NPs and whether/ how such methods can be exploited to prepare multicomponent/ multi-layered structures such as core-shell multi-metallics. Although the use of inverse micelles consisting in the encapsulation of Au species inside AOT (dioctyl sodium sulfosuccinate) liquid crystal has been explored in the literature, 8, 26 this approach would not have made possible the in situ observation of the formation mechanism of the gold NPs, compared to the solvent based method here employed.
In situ X-ray Absorption Fine Structure (XAFS) is a powerful method to follow the changes in the electronic structure of metals during the reduction process. 27, 28 In particular, XANES is used to observe changes in oxidation state of the Au species, whereas Extended X-ray Absorption Fine Structure (EXAFS) technique can monitor the formation of Au clusters through detection of the Au-Au scattering pair evolution. 10, 27 Whereas XAFS reveals information on the local environment of the gold atoms (i.e. the short-range order) in the micelles, SAXS is sensitive (in a size range of 1 to 100 nm) to the changes in the electron density fluctuations and is more suitable to probe the micelles' core where gold clusters formation occurs. 10, 17 Thus, a combination of these two X-ray techniques with the use of other more commonly available experimental methods such as dynamic light scattering (DLS), ultraviolet-visible spectroscopy (UV-vis) and transmission electron microscopy (TEM), allows to understand the chemical and physical processes happening during the formation of the metal NPs.
This work is focused on the investigation of gold NP formation during polymer-encapsulated inverse micelle synthesis using in situ X-ray spectroscopy and scattering. The inverse micelle method, by offering tight control over the NPs' size, allows a more detailed mechanistic insight into the process of homogeneous NP formation. Key to this study is the avoidance of 'fast' reducing agents such as NaBH 4 29 or citrate, 10 that can often result in uncontrolled particle growth and a large particle size distribution, hindering our attempts at a detailed understanding of the selfassembly process. 30 By modifying the inverse micelle method developed by Spatz et al., using a slower reductant compared to the commonly used hydrazine, it was possible to observe the presence of Au(I) species, previously supposed to be an intermediate in the Au nanoparticle formation but hardly detected due to their inherent instability. Furthermore, it was observed that the addition of small quantities of HCl during the synthesis appear to catalyse the formation of Au nanoclusters, most probably due to the formation of in situ N 2 H 4 . The insight obtained using these advanced characterization methods in combination with the inverse micelle synthesis allowed us to identify the key stages in the self-assembly process that are useful when trying to optimize NPs for a wide range of practical applications.
Experimental section

Nanoparticles synthesis
Gold nanoparticle solutions were prepared using the polymerencapsulated inverse micelles method. 20 Poly(styrene-b-2-vinyl pyridine) (PS-b-P2VP) block-copolymer P18226-S2VP was purchased from the Polymer Source Inc (electronic grade purity). The metal salt used was chloroauric acid (HAuCl 4 ) (Aldrich 99.99999% trace metal basis). p-Toluene sulfonyl hydrazide (p-tosyl hydrazide) (Aldrich 97%) was used as the reducing agent, as an alternative to the more commonly used toxic and explosive hydrazine. 31 All reagents were used as received. 0.5 wt% polymer (c = 5 mg ml À1 ) solution was prepared in 25 ml of toluene (Aldrich 99.9%) and left to stir for 3 days in order to allow the polymer to dissolve and homogenize. After 3 days, 0.021 g of the metal precursor was added to the solution and left to allow the metal salt to incorporate inside the micelles. The metal atoms to pyridine ratio (metal loading) was fixed at 0.3. Before the measurements 10 ml of metal loaded polymer solution was put in a glass vial with a 10 ml of a solution of p-tosyl hydrazide. To compare the effect of the HCl, used in literature to remove the excess of hydrazide, 20 on the metal reduction inside the polymer micelle, 50 ml of HCl (ACS reagent 37%, Fluka) was added to the solution after B30 s and left to stir. Table 1 summarises a list of the samples used in this work.
In situ small-angle X-ray scattering (SAXS)
In situ Small-angle X-ray scattering (SAXS) measurements were conducted on the DUBBLE beamline (BM26A) of the European Synchrotron Radiation Facility (ESRF) using X-ray photons of 11.850 keV. The 2D SAXS images were recorded in transmission mode over a period of 3 min using the Mar CCD 165 detector with a pixel size of 80 mm. The modulus of the scattering vector q = 4p sin y/ l, where y is the Bragg angle and l is the wavelength, was calibrated using silver behenate. The sample to detector distance was approximately 2 m, resulting in a q range spanning 0.016 and 0.4 nm À1 . For the sample measurement, an aliquot of each solution, taken at different reduction times (0, 0.3, 1.25, 2.25, 6.25 h), was loaded in 1 ml quartz capillaries of 1 mm diameter. The data were corrected for the detector dark field and background scattering from the capillary with polymer and solvent only. The data reduction was performed using Fit2D and 1D curves were fitted using SANS Analysis package for the Igor Pro software. 32 2.2.1 SAXS analysis. Scattering intensity of the Au NPs solution reads as follows
where A is the scaling parameter, F(q) -NP form factor, f (R) -NPs distribution function. The Schultz-Zimm distribution function was chosen, that can account for the asymmetrical NPs size distribution. Also this model was successfully used in the past to reveal the mechanism of the Au NPs formation in the classical citrate method. 10 The Schultz-Zimm distribution can be written as 33
where R a -is the mean radius, z -is a parameter related to the polydispersity (r = s/R a ) by r = 1/(z + 1) 0.5 where s is the rootmean-square deviation from the mean size. NP (P2VP core of the core-shell polymer micelle) is considered to be a hard (uniform density) sphere with the radius R and volume V. This approximation is supported by the electron microscopy data that is discussed later in the paper. NP's form factor is given by the Rayleigh formula 34 FðqÞ ¼ ðDrÞ 2 Á V 2 3 sinðqRÞ À qR cosðqRÞ ðqRÞ 3 2
where Dr -density difference between the particle and the medium, q -modulus of the scattering vector.
2.3
In situ X-ray absorption fine structure (XAFS)
Extended X-ray absorption fine structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES) were measured on the DUBBLE beamline (BM26A) of the European Synchrotron Radiation Facility (ESRF) using Au L III edge (11.91 keV) in fluorescence mode using a 9-element monolithic Ge detector (Ortec), with the sample holder mounted at 451 with the respect to the incident beam in order to maximize the fluorescence yield. An aliquot of each solution, taken at different times during the reduction process (0 and 2.25 h), was loaded in 1 ml quartz capillary and mounted on the sample holder. Each XAFS spectrum was acquired over a period of B10 min and repeated a further 3 times for each sample measured. The 35 The FEFF6 36 code was used to construct theoretical EXAFS signals that included single-scattering contributions from atomic shells through the nearest neighbours in the chlorine-bridged dimer, as well as the face-centred cubic (FCC) structure of Au. The k-range used for the fitting spanned 2.5 to 10.3 Å À1 and the r-range from 1 to 3.7 Å. The path degeneracy was allowed to vary in order to account the size effects that cause surface atoms to be less coordinated than those in the particle interior. The amplitude reduction factor (S 0 2 ) was fixed at 0.860, as obtained from the fitting of the bulk Au foil.
Transmission electron microscopy (TEM)
Transmission Electron Microscopy (TEM) was measured using JEOL: JEM-2100 operating at 200 keV using a LaB 6 filament, after deposition through drop-casting on a carbon film supported by a 300 mesh copper TEM grid. Sample A-HCL solution before and after the reduction treatment were analysed. Due to a small scattering contrast of the block copolymer compared to the carbon film renders it impossible to obtain information regarding the state of the micelles before the addition of the Au precursor.
UV-vis spectroscopy
UV-vis spectroscopy measurements were taken in transmission mode, using a Shimadzu UV-1800 spectrometer for sample A and an Agilent Cary series for sample B, with the samples loaded into a cuvette with 5 mm pathlength to determine the position of the Au plasmon peak. A toluene solution with the polymer micelles was used as a background in order to remove any interference to the plasmon peak. Each spectrum was acquired using a total of 5 min per scan.
Dynamic light scattering (DLS)
Dynamic light scattering (DLS) measurements were performed on samples reduced over different times using Zetasizer nano ZS from Malvern. The incident laser wavelength used in the setup was 532 nm and the refractive index was derived from polystyrene (Z = 1.5). Micelles containing solutions were loaded into a cuvette with 5 mm pathlength.
Results and discussion
DLS
With the help of DLS one can observe how the micellar system in its entirety responds during the reduction of metal ions through the impact this has on the micelles' hydrodynamic diameter. DLS plots, including the weighted average micelle radius obtained from the DLS measurement for sample A during reduction are shown in Fig. 1 . The mean size of the micelles before reduction appears to be around 60 nm which increases to 70 nm in 0.1 h after addition of the reducing agent. As can be seen on Fig. 1 the swelling of the metal-containing polymer particles continues and results in almost doubling of the mean micelle size. A similar effect is observed in sample A-HCl when HCl is added during the reduction process, where the micelles size increases from 60 to 100 nm with the reduction time.
We propose that the observed increase of the micelle size is a consequence of the reduction of the metal salt. The reduction reaction of [AuCl 4 ] À with H 2 , produced by the p-tosyl hydrazide decomposition, to Au(I) is thought to occur as follows:
and the reduction of Au(I) to form metallic Au 0 2AuCl + H 2 -2Au + 2HCl (5) which can be summarised as follows
In eqn (6) there is doubling in the number of moles formed in the reaction leading to an increased volume from within the micelles. Furthermore, this results in an increased entropy (and subsequent free-energy change) for the formation of Au 0 species and its further agglomeration into nanoparticles. Another factor which may cause the swelling of micelles is the electrostatic strain caused by the formation of small Au clusters. DLS studies on the similar systems have been reported before including copolymer-and surfactant-based inverse micelles, [37] [38] [39] colloidal gold and polystyrene nanoparticles, 40, 41 and inverse micelles filled with Au NPs. 42, 43 In the most relevant study Mössmer et al., 42 using PS-b-P2VP with block lengths comparable to sample A, observed a mean radius of 28 nm (56 nm diameter) for the micelles filled with H[AuCl 4 ], which is similar to the size of 60 nm measured for sample A before reduction. In their study, the micelles' size for fully reduced Au NPs was reported to increase to 30 nm (60 nm diameter), compared to the 110 nm diameter observed here for sample A at the end of the reduction process. 42 This discrepancy could be due to the different reductant used: hydrazine 42 versus the much bulkier p-tosyl hydrazide used here. Also the authors did not perform a time-resolved study and thus the intermediate stages of the reduction process were not seen, 42 whereas our DLS measurements as a function of time allows us to follow the swelling of the micelles as the reduction process is taking place (Fig. 1) . It has to be noted that DLS is only capable of measuring the total diameter of the core-shell polymer micelle, consisting of the PS core and P2VP shell based on the miscibility of copolymer blocks, and does not allow for probing the local structural changes concerning the Au NPs of primary interest. 42 Therefore, the combination of microscopic and spectroscopic methods have also been employed to obtain information regarding the local environment of the gold loaded P2VP core and the role of HCl in the reduction process.
UV-vis spectroscopy
UV-vis spectroscopy was employed to follow Au species evolution in solution during the reduction process. The UV-vis spectra shown in Fig. 2a for sample A contain a plasmon peak at 550 nm characteristic of Au 0 clusters formed by the reduction of HAuCl 4 . 44 The increase in intensity with time suggests continuous oxidic Au species reduction and formation of Au NPs; interestingly the band does not change position suggesting continued growth of the Au nanoparticles without any dramatic View Article Online change in size. In the case of sample A-HCl, the red shift of the plasmon peak from 550 to 600 nm in Fig. 2b could be explained by nanoparticles aggregation possibly caused by the presence of ''water pockets'' induced by the addition of HCl, by the unlikely possibility that particles larger than the micelles themselves (c100 nm) are forming or else by the presence of anisotropic particles. 45 It can be also noted that characteristic plasmon band at 6.5 h in Fig. 2b has lower intensity compared to spectrum at 3.5 h. This could be possibly due to the precipitation of some of the already formed Au nanoparticles, causing a decrease in the amount of Au species which are observed by the beam. After 24 h of reduction since the micelles containing reduced Au NPs were observed to precipitate as can be seen in Fig. S1 (ESI †) and hence no UV-vis data could be reported. Additional band located at B330 nm ( Fig. 2b ) decreases in intensity. This peak could be attributed to gold(III) chloride species that are slowly consumed during the reduction. 46 To follow the changes in the gold clusters' size and oxidation state of the Au species during the reduction process a combination of XANES and EXAFS was utilised. 10,27
XAFS
In situ XAFS was used to determine further the mechanism of the Au reduction and aggregation of the gold clusters. The results of the EXAFS fit for all four samples after 0 and 2.25 h of the reduction process are summarised in Table 2 . Fig. 3 contains XANES spectra and EXAFS Fourier Transforms (FTs) for samples A and A-HCl. A reference AuCl 3 solution which contains a strong white line at 11.920 keV due to an electronic (dipole) transition from the 2p orbitals to the partially unoccupied 5d orbitals is also shown in Fig. 3a and c. 47 After the reductant is added there is a drop in the intensity in the white line (reduced transition probability) as a consequence of increased filling of the Au 5d orbitals. This change is observed in conjunction with a slight shift of the edge position towards higher energies (from 11.197 to 11.199 keV). Both changes are consistent with the reduction of Au(III) to Au(I). 48 However, no further changes were observed in the XANES between 0 and 2.25 h suggesting the Au(I) species formed are stable. The EXAFS data for sample A in Fig. 3b are clearly different to that of the reference compounds but do possess a peak at B2.24 Å which can be assigned to a Au-Cl scattering contribution, although the reduced amplitude (when compared with AuCl 4 in solution) suggests the presence of Au(I)Cl x species (see eqn (4)). These values (and FTs) are similar to those observed previously by Salama et al. 49 in Na-Y zeolites and are consistent with the formation of AuCl species. Au(I) species in the form of a Au 2 Cl 2 closed square dimer configuration previously reported by Hargittai et al. 50 can be ruled out on the basis that the Au-Cl distance reported there (2.567 Å) is too long. Interestingly, the Debye-Waller factors obtained for both samples are comparatively low suggesting low static/thermal disorder in the AuCl species. No sign of any metallic Au NPs were observed after 2.25 h of reaction (see Fig. 3b ).
For sample A-HCl, the higher Au-Cl coordination number (42) at the start of the reduction (0 h) suggests that initially the reduction process is slightly less advanced in comparison to the non-HCl samples. However, after 2.25 h the formation of Au NPs can be seen by the presence of the Au-Au scattering contribution at 2.86 Å in the second shell of the FT (Fig. 3d) . Assuming an isotropic shape, one can estimate the size of the Au NPs from the CN Au-Au value to be of the order of B2 nm. 51 However, reduction is not complete at this stage as a clearly discernible, if low, CN value is obtained for the Au-Cl first shell. XANES spectra also confirm the presence of metallic Au by the increase intensity of the feature located at 11.945 keV which can be attributed to a multiple scattering path of metallic Au 52 (Fig. 3c ). However, the higher edge energy and the intense white line of sample A-HCl compared to Au 0 also suggest that Au(I)Cl x species are still present after 2.25 h.
SAXS
In order to investigate the structural transformation, in particular in terms of size and polydispersity, of the NPs formed in the micelle's core during the reduction process in situ SAXS studies were conducted. 1D SAXS profiles for samples A and A-HCl during the reduction process are shown in Fig. 4 . According to the fit (for the details see Experimental section and Fig. S2 and S3 ) there is a slight increase in the scattering component size from 13.4 to 13.8 nm (Fig. 4a, c and Fig. S2 , ESI †) for sample A after 6.25 h of reduction. For sample A-HCl a shift of the scattering component towards smaller q-values can be seen which corresponds to sizes from 16.2 to 18.2 nm depending on reduction time, with 1.25 h being the time when the size stabilizes (Fig. 4b, c and Fig. S3 , ESI †). The polydispersity of the system 53 obtained from the fit results is relatively low (r13%). The calculated value of polydispersity is stable throughout the NP formation process (see Fig. S2 and S3, ESI †), indicating that as the NPs grow the homogeneity of the system is not affected.
The in situ SAXS fit results summarised in Fig. 4c show a growth of the NPs for both samples during the reduction process that is in a good agreement with the DLS data ( Fig. 1) whereas the difference in size obtained for sample A (B14 nm from SAXS, B60 nm from DLS) is due to the PS shell which is not detected by the SAXS due the low electron density contrast between toluene and polystyrene ( Fig. S4a, ESI †) . The increase of the P2VP core size from B16 to B18 nm for sample A-HCL, when HCl is included into the solution can be attributed to an increment in the speed of NPs' growth. This was also suggested from the XAFS analysis, indicating that HCl acts as a catalyst for the reduction of the Au species.
TEM
TEM has been used to characterize the morphology (e.g. shape and size) of the polymer micelles before and after adding reductant. As an example, Fig. 5a and b shows the PS-b-P2VP micelles loaded initially only with HAuCl 4 for sample A-HCl. It can be seen that the metal ions are preferentially located in the micelle cores ( Fig. 5a and b) . Although, for sample A-HCl, the gold appears as sub-nanometre clusters inside the core of the micelle, which we propose is caused by the reduction of the precursor caused by the electron beam (Fig. 5b) . The loaded micelles' core size for sample A-HCl is B11 nm (Fig. 5b) . The fact that the micelle's core size observed in TEM compares well with the SAXS data further supports the assumption that Au species are confined and selfassemble from within the polymer micelle core.
After p-tosyl hydrazide is added to the micelle-containing solution, reduction of Au ions occurs and leads to the formation of nanoparticles, as shown for example in Fig. 5c and d for the reduced sample A-HCl after 24 h. The calculated NP size from the TEM data is 4.5 AE 0.8 nm that is considerably smaller than the value of B11 nm for the micelle core of sample A-HCl before the reduction.
Rationalisation for self-assembly process
From the results obtained by the combination of time-resolved DLS, UV-vis, XAFS, SAXS and TEM it was possible to propose a model for the self-assembly of the homogeneous metal nanoparticles in the inverse micelles system shown in Scheme 1, that can be delineated into the following steps:
-an initial fast reduction of [AuCl 4 ] À to Au(I)Cl x species; -further slow reduction of the Au(I) and formation of Au(0) clusters;
-agglomeration of the small clusters to form nanoparticles confined inside the core of the micelle.
The rational for our scheme is given as follows. Firstly, according to TEM data ( Fig. 5 ), the micelle core is loaded with the gold precursor at the beginning of synthesis (stage 1 in Scheme 1). This in combination with the XAFS data dominated by Au-Cl species leads us to conclude that Au must be initially homogeneously dispersed all over the micelle cores as a complex between the nitrogen from pyridine and [AuCl 4 ] À , in a similar way to that previously observed for iron and molybdenum precursors. 54 After the reductant is added (stage 2 in Scheme 1) the [AuCl 4 ] À ions reduce almost immediately to Au(I) species, namely [AuCl 2 ] À , this again concluded mainly on the basis of the XAFS results ( Table 2 and XANES data shown in Fig. 3 ). Furthermore, we observe no immediate change in the core diameter from the SAXS data with reaction time (Fig. 4) . The core diameter obtained from the fit of the SAXS data, 13.4 nm for sample A and 16.2 nm for sample A-HCl ( Fig. S2 and S3, ESI †), in addition to the TEM data, suggests that the [AuCl 2 ] À species are well dispersed within the micelle core; this we conclude based on the good agreement obtained for SAXS and TEM measurements for the size of the micelle core when filled with Au species (Scheme 1). After 2.25 h (stage 3 in Scheme 1) the formation of Au 0 species can be seen for sample A-HCl (Fig. 3d ), likely comprised of small clusters based on the low EXAFS-derived values of CN Au-Au shown in Table 2 . An increase of the NP diameter at this time during the reduction process measured using SAXS indicates self-assembly of gold clusters into the NPs (Fig. 4) . The swelling of the micelle core continues (Fig. 4c) until Au reduction is complete. Interestingly for sample A whereas XAFS does not show any presence of Au 0 species, the UV-vis data display a, albeit very small, plasmon peak ( Fig. 2a ). This could be attributed by the large amount of Au(I) species which dominate the XAFS spectra, whereas UV-vis is only sensible to the few Au 0 species present in solution.
Further agglomeration of the gold clusters to form NPs (stage 4 in Scheme 1) was confirmed by the UV-vis ( Fig. 2 ) and TEM data ( Fig. 5c and d) , the latter showing that once the reduction process is completed, the formed NPs are positioned at the centre of the micelles. Moreover, the nanoparticles show a defined spherical shape, that is clearly different from the subnanometric gold cluster formed due to electron beam exposure ( Fig. 5a and b) . We note however that the DLS data revealed that the whole micelle, and not just the core, is affected during the reduction of the gold precursor to the metal NP ( Fig. 1 ).
The role of HCl in the self-assembly process
The XAFS, UV-vis and SAXS data suggest that the presence of HCl catalyses the reduction process of Au(I) to Au 0 and its agglomeration. We rationalise that HCl helps with the in situ formation of hydrazine through the following reaction sequence: NH 2 -NH-p-toluenesulfonyl + HCl 2 NH 2 NH 2 + Cl-p-toluenesulfonyl (7) which will then act as a reducing agent according to the following equations 2H[AuCl 4 ] + N 2 H 4 -N 2 + 6HCl + 2AuCl (8) 4AuCl + N 2 H 4 -N 2 + 4HCl + 4Au (9) that can be summarised as:
One can conclude that the rate of N 2 H 4 production (eqn (7)) increases and becomes autocatalytic due to the formation of HCl as a by-product of Au reduction (eqn (8) and (9)). Therefore, it is plausible to assume that HCl added at the start accelerates the formation of N 2 H 4 and therefore increases the rate and the extent of reduction. The amplified N 2 H 4 production seems to lead to, in addition to fast Au(I) reduction, nucleation of Au clusters (see UV-vis data in Fig. 2 ) although the final Au NPs possess similar characteristics to those obtained from the samples without HCl. This suggests that the final step, agglomeration, was given enough time to occur in both cases (with and without HCl) and that this step is important for realising uniformity in the particle size. New insights into the selfassembly mechanism and the impact of HCl allows to utilise different reaction times/conditions to change the properties of the final nanoparticles i.e. stopping the reaction earlier may produce the 'raspberry type' Au NPs or else to help to choose the right time to incorporate different species, for example metal ions, to produce either bimetallic nanoclusters/alloys (a second metal precursor is added during nucleation process) or core shell NPs (a second metal is added to the already formed nanoparticle). 51, 54 The low polydispersity values calculated from the SAXS data are consistent with the presence of micelles containing evenly loaded and highly dispersed Au ions attached as molecular species to the pyridine groups of the P2VP chain. We propose that this interaction is important as it slows the reduction of Au(I) to Au 0 and agglomeration process, compared to more commonly used Au NP synthesis procedures such as the Turkevich method. 10, 55 This retardation then seems to realise a more controlled Au NP nucleation and growth process resulting in a much narrower particle size distribution. This also demonstrates the protective effect of the polymer micelles, preventing undesired coalescence of metal NPs. Our results can be interpreted as being more widely reflective of how Au NP assembly occurs in the presence of species that can coordinate and/or complex with Au species (i.e. block co-polymers, capping agents such as PVP, 56 PVA, 57 etc.). For example, Sakai et al. using block PEO-PPO-PEO co-polymers observed simultaneously the reduction of [AuCl 4 ] À precursor to Au 0 , formation of Au clusters and finally the growth of the NPs. 19 Due to the comparative slowness the inverse polymer micelle encapsulation method allows to separate different stages of Au NP growth and to follow the formation of homogeneous particles step by step. Moreover timeresolved X-ray techniques help to unequivocally identify the presence of a stable Au(I) species as intermediates in the formation process. Indeed, such Au(I) species have been reported only for the short time (r30 min) during Au NP self-assembly, 58, 59 partially due to the fast disproportionation to Au 0 and Au(III).
Effects of X-ray irradiation on stability of Au species
Shown in Fig. S4b (ESI †) are two XANES spectra acquired in succession for sample A, 5 min after addition of the reductant. The similarity of the two XANES spectra are testament of the stability of the samples in the X-ray beam and indicate that the mixed Au metal/ionic environments observed are a direct consequence of a slow reduction process.
Conclusions
Although the formation of Au NPs within polymer-encapsulated inverse micelles is a dynamic process, by obtaining multi-technique 'snap-shots' during this process, the key stages associated with their self-assembly could be identified. This is the first study, to the best of our knowledge, where the combination of SAXS/EXAFS methods and slow reducing agent allowed to obtain the comprehensive pathway on the mechanism of gold NPs formation. We speculate that whereas this mechanism has been explored for the inverse micelle method, it is highly likely that the formation process would be similar if not identical when using similar synthetic methods i.e. those which employ polymers or liquid crystals as capping agents, or complexes, etc. Importantly, when considering the application of such bottom-up synthetic procedures the detailed insight obtained here concerning the rate and mechanism of Au NP formation allows us to identify the variables, i.e. time or presence of additional reagents, that can be altered to aid production or else to tune the nanoparticle' properties, i.e. composition and morphology, thus allowing a better control over NP size and particle size distribution and ultimately to a more optimal performance in their intended application.
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